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Abstract: Different chiral bifunctional organocatalysts derived from trans-cyclohexane-1,2-diamine bearing 
different types of guanidine units able to form-hydrogen bonding activation have been designed. Conforma-
tional rigid 2-aminobenzimidazoles bearing a tertiary amino group have been used in enantioselective Michael 
type reactions of activated methylene compounds to nitroalkenes. The C2 symmetric bis(2-aminobenzimida-
zole) derivatives the appropriate organocatalyst for the conjugate addition of 1,3-dicarbonyl compounds to 
maleimides as well as for the SN1 reaction of benzylic alcohols with carbon nucleophiles. 2-Aminobenzimi-
dazoles bearing a primary amino group have shown excellent catalytic activity in the Michael reaction of 
aldehydes to maleimides and nitroalkenes. Diastereomeric 2-aminopyrimidines bearing a prolinamide unit 
have been incorporated in the trans-cyclohexane-1,2-diamine scaffold and have been used for the inter- and 
intra-molecular direct aldol reaction under solvent-free conditions. For the Michael reaction of aldehydes 
with maleimides the primary amine 2-aminopyrimidine has shown excellent efficiency as organocatalyst. 
The bifunctional character of these organocatalysts has been demonstrated by means of DFT calculations.
Keywords: aldols; asymmetric synthesis; bifunctional catalysis; carbenium ions; 1,3-dicarbonyl compounds; 
hydrogen bonding; nitro compounds; succinimides; TRAMECH VIII.
Introduction
The crucial role of hydrogen-bonding (HB) interactions in biological systems have inspired the recent devel-
opment of small organic molecules able to act as chiral hydrogen-bond donors and acceptors in asymmetric 
organocatalysis [1–5]. Chiral ureas [6–8] and thioureas [9–11] 1 with pKa  =  27 and 21 in DMSO [12], respec-
tively, have emerged as the most successful catalysts due to their ability to form two hydrogen bonds with 
nucleophiles and electrophiles (Fig. 1). Rigid guanidines have been employed as chiral bases also capable of 
forming hydrogen bonds [13–19]. However, acyclic guanidines due to conformational free rotation, according 
to DFT calculations, are able to form only one hydrogen bond with electrophiles [20–22]. Other systems able 
to form two-hydrogen bonds such as aminophosphonium [23–25], thioamides [26], squaramides [27, 28] and 
sulfonamides [29]. Concerning heterocyclic based organocatalysts 2-aminopyridinium ions 2 [30–35] with 
pKa  =  6 in DMSO [36] have been used as chiral catalysts [26, 30–35]. Another 2-amino heterocyclic systems 
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bearing a quinozaline 3 related to guanine, or benzothiadiazines 4 skeletons [37, 38] have shown excellent 
bifunctional catalytic properties acting as dual hydrogen-bond donors (Fig. 1). We envisaged that 2-amino-
benzimidazoles and 2-aminopyrimidines can behave as rigid guanidines and should be appropriate units to 
form double hydrogen bonds. This article compiles our contribution on bifunctional heterocyclic organocata-
lysts 5–8 (Fig. 1) by using the trans-cyclohexane-1,2-diamine as a chiral scaffold.
Chiral 2-aminobenzimidazoles
2-Aminobenzimidazoles and 2-aminopyridines with similar pKa (7.0 and 6.2) have shown very good acid/
base catalytic features substituting guanidinium moieties as phosphoryl transfer catalysts [39]. However, 
only tris(2-aminobenzimidazoles) 9 led to active RNA cleavers by means of HB with phosphates under neutral 
conditions being promising candidates as site specific artificial ribonucleases (Fig. 2). More recently, Moran 
et al. have designed a xanthenes-2-aminobenzimidazole receptor 10 able to form multiple hydrogen bonds 
with sulfoxides, ketones or alcohols and strongly with carboxylic acids and chloride anion [40]. The 2-amin-
obenzimidazole is an important unit in medicinal chemistry due to the broad spectrum of pharmacologi-
cal applications such as the antihelmintic mebendazole and albendazole and the antihistaminic astemizole 
[41–47]. Ganesh and Seidel [26] described a thiourea bearing a protonated 2-aminobenzimidazole unit 11, 
which has been used as chiral organocatalysts in the enantioselective addition of indole to nitroalkenes with 
amoderate 40 % ee. Further development of chiral 2-aminobenzimidazoles has demonstrated the outstand-
ing ability of these units as dual HB donor [48].
We initially designed and synthetized different 2-aminobenzimidazoles 5 starting from both enantiomers 
of trans-cyclohexane-1,2-diamine by reaction with 2-chlorobenzimidazole [49]. From X-ray diffraction analy-
sis data and DFT calculations the distances of both hydrogens in the NH groups could be determined. They 
are in the range of 2.41–2.61 Å, whereas in related thiourea 12 [9–11] and squaramide 13 [27] are 2.13 Å and 
2.72 Å, respectively (Fig. 3).
As a benchmark reaction the conjugate addition of diethyl malonate to β-nitrostyrene catalyzed by com-
pounds 5 bearing a primary amine 5a (R  =  H, X  =  H), a tertiary amine 5b (R  =  Me, X  =  H), 5c (R  =  Et, X  =  H) and 
5d (R  =  Me, X  =  6-CF3) in different solvents and in the presence and absence of trifluoroacetic acid (TFA) as 
cocatalyst was studied [49]. From the screening of these reaction conditions it could be deduced that toluene 
as a solvent, organocatalysts 5b (10 mol %), TFA (10 mol %) at room temperature during 2 days gave the best 
performance (Scheme 1). This organocatalyst could be recovered in 94 % yield by extractive work-up with 
10 % aqueous NaOH. The Michael adducts were obtained in 95–98 % yield and 87–94 % ee (Scheme 1). When 
β-keto esters were used as nucleophiles moderate to high diatereoselectivities were observed (up to 82 %) 
with in general high enantioselectivity for each diastereomer (70–93 % ee). Acetylacetone afforded the cor-
responding Michael adducts in 93–96 % yield and 86–99 % ee under the same reaction conditions.
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Fig. 1: Dual hydrogen-bonding systems.
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From DFT calculations at the B3LYP/6-311++G∗∗//B3LYP/6-31G∗ level for the conjugate addition of dimethyl 
malonate or acetylacetone to β-nitrostyrene two possible activation modes were considered with the neutral 
and the protonated organocatalyst (Fig. 4). The most favored activation mode is in agreement with Papai et al. 
calculations for the same reaction catalyzed by thiourea 12 [50], the formation of the two hydrogen bonds 
from the 2-aminobenzimidazole unit with the 1,3-dicarbonyl compound.
Transition state TSa for the R-enantiomer in the case of malonate is 1.9 kcal/mol more stable than for 
the S-enantiomer. However, the other interaction gave the opposite enantioselection and only a 0.6 kcal/mol 
difference in energy for both TS producing quasi-racemic products [49] (Fig. 5). These calculations not only 
supported the dual HB but also the bifunctional character of this catalyst and the participation of TFA as a 
cocatalyst. On the other hand, the protonated dimethylamino group form a hydrogen bond with one of the 
oxygen of the nitro group.
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Fig. 2: Selected 2-aminobenzimidazoles.
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Independently, the Park and Jew groups [51] described that related 2-aminobenzimidazoles 14 and 15 
(Fig. 6), derived from dihydroquinidine and quinidine as chiral bases, were very efficient organocatalysts 
for the Michael addition of dimethyl malonate to nitroalkenes. Under neutral conditions by using 2 mol % 
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Fig. 5: Energy differences of the transition states for the Michael addition of dimethylmalonate to β-nitrostyrene.
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of catalyst loading in dichloromethane (DCM) as solvent at –20 °C during 40–96 good yields (67–99 %) 
and ee (91–99 %) were obtained. Further contribution from this group with 10 mol % of trans-cyclohexane-
1,2-diamine organocatalyst 5e (R  =  Me, X  =  5,7-(CF3)2) revealed that under neutral conditions, the addition 
of dimethyl malonate in DCM at 0 °C gave 90–96 % ee [52]. They proposed that the nitro group is activated 
by double HB with the 2-aminobenzimidazole unit and confirmed that in the absence of CF3 groups in the 
benzimidazole 5b needs the presence of TFA and proposed the same interaction mode in agreement with 
our results. When organocatalyst 5b was employed in enantioselective intramolecular oxa-Michael addition, 
the reaction failed. However, organocatalyst 4 gave high yields and enantioselectivities [38]. In the case of 
the α-amination of 1,3-dicarbonyl compounds with diazodicarboxylates only ethyl cyclopentanecarboxylate 
gave, in the presence of 10 mol % of 5b, a 92 % ee [53].
For the conjugate addition of isobutyraldehyde to nitroalkenes the presence of a primary amine in the 2-amin-
obenzimidazole (S,S)-5a (20 mol %) in DCM at 25 °C during 3 days allowed the synthesis of γ-nitroaldehydes in 
moderate to high yields and enantioselectivities (Scheme 2) [54]. DFT calculations [M06-2X/6-31+G(d,p) level] 
support the approaching of nitrostyrene behind the enamine and the two NH of the 2-aminobenzimidazole 
unit are forming two HB with one oxygen atom of the nitro group with 1.9 Å and 2.3 Å distances (Scheme 2). In 
addition, the sp2 nitrogen of the benzimidazole acts as hydrogen acceptor of the enamine hydrogen being the 
distance 2.1 Å. These calculations corroborate the bifunctional character of this organocatalyst.
Enantioenriched succinimides can be prepared by asymmetric conjugate addition to maleimides [55]. 
The succinimide unit is present in natural products such as moramide B and andrimid and in some drugs 
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Fig. 6: Cinchona alkaloids derived 2-aminobenzimidazole organocatalysts.
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such as phensuximide, ethosuximide and palasimide [56–61]. In addition, succinimides can be transformed 
into γ-lactams or pyrrolidines by partial or total reduction, and in succinic acid derivatives by acid or basic 
hydrolysis [62, 63]. Initial studies on the conjugate addition of acetylacetone to maleimide were assayed 
with different organocatalysts of the type 5 (10 mol %) and TFA (10 mol %) in toluene at rt afforded low ee 
(13–41 %) [64, 65]. However, when the C2 symmetric bis(2-aminobenzimidazole) 6 (10 mol %) and TFA (10 
mol %) as cocatalyst were used the addition took place quantitatively in 97 % ee. The scope of the reaction 
was studied with different maleimides giving the corresponding adducts in general high yields (65–99 %) 
and enantioselectivities (74–97 % ee) (Scheme 3) [64, 65]. This catalytic behavior can be explained accepting 
that one 2-aminobenzimidazole unit is acting as a Brønsted base and the other, which is protonated by TFA, 
is acting as a Brønsted acid.
In the case of unsymmetrical 1,3-diketones and β-keto esters, modest to high diastereomeric ratios 
(58/42–97/3) and modest to high enantioselections (24–99 % ee) were obtained (Fig. 7). When these processes 
were scaled up to gram scale in 5–20 mmol, excellent results were achieved (Fig. 7). For the recovery of the 
organocatalysts 6 the reaction of acetylacetone and 4-(bromophenyl)maleimide was chosen. After the reac-
tion was complete, isopropanol was added and the corresponding succinimide precipitated and was filtered 
off. From the solution 6, as trifluoroacetate salt, was isolated after evaporation of the solvents in 99 % yield 
and was used in a second run without further purification giving the succinimide in 99 % yield and 93 % ee 
[65]. The presence of one equivalent of TFA was crucial to obtain good yields and enantioselectivities. Notably, 
a complete deactivation of the catalyst was observed when using a twofold excess (20 mol %) of cocatalyst. 
Also, dependence of the enantioselectivity of the process on catalyst loading was observed. However, at high 
concentrations, product racemization due to thermodynamic control of the process was discharged, as the 
enantioselectivity of the reaction was kept constant within the course of the experiment when a 0.1 M catalyst 
concentration was used in the conjugate addition. The ee values obtained at different catalyst concentrations 
were fairly consistent with the diffusion coefficients of 6·TFA, strongly indicating that the degree of hydro-
gen-bonded self-association of bifunctional organocatalyst in solution plays a crucial role in determining the 
enantioselectivity of the process.
The excellent catalytic activity of 6 was unexpected because this compound failed in the previously 
described Michael addition of dimethyl malonate to nitrostyrenes [52, 66]. However, the addition of dimetyl 
malonate to maleimides took place under neutral conditions (Scheme 4). This was probably due to the lower 
acidity of the nucleophile compared to 1,3-diketones and β-keto esters, thus requiring a catalyst with an 
stronger basic character.
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DFT computational studies carried out in a solvent model (IEFPCM, toluene) at B3LYP/6-311++G∗∗ level, 
were conducted aimed at detailing the H-bond network between catalyst, nucleophile and maleimide respon-
sible for the observed reactivity/enantioselectivity. It was assumed that the reaction is initiated with the 
deprotonation of the pronucleophile (2,5-pentadione) by one of the 2-aminobenzimidazole units to form an 
enolate/protonated catalyst binary complex. Further hydrogen bonding with the maleimide renders a ternary 
complex that evolves to the final products through the corresponding transition state [65].
Three possible mechanistic scenarios were considered: a) in the absence of acid, the basic catalyst depro-
tonates and binds the nucleophile (A, Fig. 8). Four NH groups are available for Nu/maleimide activation, 
arranged in a flexible and open reactive site; b) if partial protonation (1 equiv of acid) of the catalyst is consid-
ered, the neutral portion of the catalyst deprotonates the nucleophile leading to structure B, which possesses 
a tighter reactive space decorated with three or four NH groups for reagent activation; c) further protonation 
of the catalyst with a second molecule of acid would cancel the basicity of the catalyst, and only the enol form 
of the nucleophile could act as a nucleophile, like in structure C, lowering its reactivity [65].
After an extensive conformational search, the calculated energies for the optimal transition states in 
model A predict a high reactivity and a moderate selectivity [1.7 kcal/mol energy difference between TSA2(S) 
and TSA2(R), Fig. 9], which is in fair agreement with the experimental results in the absence of acid ( > 99 % 
conversion, 51 % ee). The privileged transition structures for each enantiomer [TSA2(S) and TSA2(R)] bear an 
intramolecular H bond between the protonated and the neutral benzimidazole portions of the catalyst. As 
a consequence, a very open reaction space is formed, in which the remaining four NH bonds are involved 
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in a low-selective binding of the nucleophile and electrophile. In contrast, the inclusion of one molecule of 
trifluoroacetic acid might produce a fast protonation of the catalyst (model B). The CF3COO− anion is able to 
bind the two imidazole units, eliminating the possibility of an intramolecular H-bonding between them. The 
optimal transition structures were found, in which three of the NH groups are exposed to the trifluoroacetate 
anion and solvent. In this structure, the activation of the maleimide is achieved by a single NH bond, and 
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two other NH groups bind the nucleophile, in a tight, concave reaction site. This effect increases the energy 
difference between the diastereomeric forms TSB(S) and TSB(R) (24.7 and 29.3 kcal/mol, respectively), predicting 
a high reactivity and very good enantioselectivity, as experimentally found ( > 99 % conversion, 94 % ee). As 
previously mentioned these calculations confirm the bifunctional nature of this organocatalyst 6 [65].
Finally, the distinct outcome shown by the malonates as nucleophiles might be related to the lower 
basicity of dimethyl malonate versus acetylacetone (pKas in DMSO are 15.7 and 13.3, respectively). In fact, 
the deprotonation of dimethyl malonate by the TFA-protonated catalyst (mechanism B) is computed to be 
a disfavored process (Fig. 10). Thus, both reactions of malonate in the presence or absence of TFA proceed 
through mechanism A, with a computed 86 % ee, in fair agreement with the experimental 78–81 % ee, and 
at different rates, since the acid exerts the negative effect of lowering the available amount of the necessary 
free benzimidazole [65].
The conjugate addition of aldehydes to maleimides were performed in the presence of the primary 
amine-benzimidazole catalyst (S,S)-5a (15 mol %) in toluene at 15 °C during 4 days under neutral conditions 
(Scheme 5) [54]. The corresponding succinimides were isolated in 47–99 % yield and 55–89 % ee. DFT calcula-
tions were performed at M06-2X/6-31+G(d,p) level for the addition of isobutyraldehyde to N-phenylmaleimide 
(Scheme 5). They showed the bifunctional properties of this organocatalysts confirming that the approach 
of maleimide takes place by the opposite side than the enamine by formation of two hydrogen bonds of the 
2-aminobenzimidazole unit with the carbonyl group (2.0 Å and 2.1 Å). An extra hydrogen bond is formed 
between the enamine and the sp2 N of the benzimidazole unit as occurred in the addition of isobutyraldehyde 
to nitrostyrene (Scheme 2). The difference in energy between TS(S) and TS(R) being 1.8 kcal/mol.
The ability of organocatalysts 6·TFA to act as chiral Brønsted acid prompted us to study the enantioselec-
tive alkylation of carbon nucleophiles with benzylic alcohols. This asymmetric SN1 reaction [67–70] was previ-
ously performed with benzylic alcohols and β-keto phosphonates [71] and 1,3-dicarbonyl compounds [72] by 
using copper(II) triflate–Box complexes as catalysts. Initial organocatalyst screening [73] was performed with 
hydrogen donors such as thioureas 12 and 16, 2-aminobenzimidazoles 5a, 5b, 6 and 17 in the presence of TFA 
for the alkylation of ethyl 2-oxocyclopentanecarboxylate with bis[4-(dimethylamino)phenyl]methanol, which 
is a precursor of a very stable carbenium ion (E  =  –7.02) [74] called Michler’s blue [75]. Only in the case of using 
6·TFA as organocatalysts a moderate 33 % ee was observed (Scheme 6). Lowering the temperature to –20 °C 
either with TFA or TfOH the corresponding alkylated β-keto ester was obtained in 85 % and 88 % yield and in 
64 % and 67 % ee, respectively.
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Fig. 10: Different binding energies of the computed nucleophiles for mechanism B.
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When other carbon nucleophiles were assayed with Mischler’s blue and 6 as organocatalyst in the pres-
ence of 1 equiv. of TFA or TfOH, variable results were obtained (26–90 % ee) (Scheme 7) [73].
With respect to other benzylic alcohols only thioxanthydrol gave moderate to high enantioselectivities 
(18–97 % ee) (Scheme 8) [73].
In this case, the proposed mechanism is based on previous calculations performed with organocatalyst 
6·TFA for the Michael addition of 1,3-dicarbonyl compounds to maleimides (Fig. 9). The bifunctional feature 
of 6·TFA could be explained by the formation of a intermediate B by formation of two hydrogen bonds with 
the β-keto ester of one of the 2-aminobenzimidazole unit and one hydrogen bond of the protonated 2-amin-
obenzimidazole unit with the benzylic alcohol. After formation of the carbenium ion and therefore the cor-
responding ion pair, takes place the enantioselective SN1 reaction (Fig. 11) [73].
Recently, a prolinamide 18 and a pyrrolidine 19 bearing a 2-aminobenzimidazole unit were employed 
as chiral organocatalysts for the conjugate addition of cyclohexanone to β-nitrostyrene affording the cor-
responding adduct in 20 % and 98 % ee, respectively [75]. However, 18 has shown excellent catalytic 
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N
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5a: R = H, 95 %, 2 % ee
5b: R = Me, 95 %, rac.
6: R = H, 95 %, 33 % ee
17: R = Me, 95 %, 8 % ee
*
Scheme 6: Organocatalyst screening for the alkylation of ethyl 2-oxocyclopentanecarboxylate with a benzylic alcohol.
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Scheme 5: Conjugate addition of aldehydes to maleimides catalyzed by the primary amine-2-aminobenzimidazole (S,S)-5a.
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Scheme 7: Enantioselective alkylation of carbon nucleophiles with bis[4-(dimethylamino)-phenyl]methanol.
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Scheme 8: Enantioselective alkylation of carbon nucleophiles with thioxanthydrol.
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Fig. 11: Proposed mechanism for the enantioselective SN1 reaction with benzylic alcohols.
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activity in the aldol reaction much better than other related prolinamide-guanidine type derivatives 20–
22 (Fig. 12) [76].
Chiral 2-aminopyrimidines
The development of rigid guanidine-type hydrogen bonding bifunctional organocatalysts move us to design 
2-aminopyrimidines bonded to trans-cyclohexane-1,2-diamines as a chiral scaffold. We have synthesized 
two type of 2-aminopyrimidine organocatalysts 7 [77] and 8 [78] in order to study their catalytic activity in 
aldol reactions and in conjugate additions, respectively (Fig. 1). Diastereomeric prolinamides 7a and 7b were 
prepared by reaction of N-Boc protected (R,R)- and (S,S)-trans-cyclohexane-1,2-diamine with 2-chloropyrimi-
dine followed by Boc-deprotection. Subsequent amidation with N-Boc-(S)-proline in the presence of ethyl 
chloroformate and final N-Boc deprotection provide these prolinamide-pyrimidines in 40 % overall yield 
(Scheme 9) [77].
As a benchmark reaction cyclohexanone was allowed to react with 4-nitrobenzaldehyde. This direct 
aldol reaction was performed under solvent-free conditions [79] in the presence of hexanedioic acid (HDA, 10 
mol %) as cocatalyst. 12 equiv. of H2O at 10 °C during 1 day. Both organocatalysts 7a and 7b (10 mol %) gave 
the corresponding aldol in similar yields and diastereomeric ratios, being 7b (97 % ee) slightly better than 
7a (90 % ee) (Scheme 10). Therefore, the absolute configuration of the aldol was determined mainly by the 
prolinamide unit. For the recovery of catalyst 7b the reaction was scaled up to 1 g scale giving, after extractive 
work-up with 2 M NaOH, the aldol in 51/1 anti/syn ratio and the anti isomer in 95 % ee and the organocatalysts 
in 87 % yield were isolated [77].
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Fig. 12: Proline-guanidine type organocatalysts.
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Scheme 9: Synthesis of prolinamide-pyrimidine organocatalysts 7.
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The scope of the intermolecular aldol reaction was studied with organocatalyst 7b using different ketones 
as donors and aldehydes as acceptors obtaining the aldols in 56–99 % regioselectivity range, 72–96 % anti/
syn-diastereoselectivity and 86–99 % enantioselectivity (Scheme 11). The selected example is, the protected 
D-erythro-pentos-4-ulose (68 % yield, 90 % de, 89 % eeanti) obtained from protected 1,3-dihydroxyacetone and 
2,2-dimethoxyacetaldehyde in better yield and enantioselectivity than with L-Pro under the same reaction 
conditions (47 %, 90 % de, 83 % ee) [77].
From DFT calculations the distances between the two hydrogens in the 2-aminopyrimidine unit are 
variable in the range of 2.1–3.0 Å. Calculations for the reaction of cyclohexanone with 4-nitrobenzaldehyde, 
in order to obtain insight about the mechanism and the origin of the enantioselectivity with both  catalysts, 
were designed. Geometry optimization was performed at the B3LYP/6-31+G∗∗ level of theory [80–82] in a 
solvent model system (CPCM, water as solvent) [83, 84]. Single point energies were obtained for the opti-
mized structures at the M06-2X/6-311+G∗∗ level [85]. The computed Ha–O and Hc–O bond distances (1.8 Å 
and 1.6 Å, respectively) are very similar in both structures TSA-anti and TSA-syn for enamine A formed 
with organocatalysts 7a (Fig. 13). The difference in energy is 0.7 or 2.7 kcal/mol depending on the compu-
tational model, M06-2X/6-311+G∗∗ M06-2X/6-311+G∗∗ or B3LYP, respectively. In the case of enamine B formed 
with organocatalyst 7b a different orientation of the NH groups was observed, being Ha and Hb better 
suited for carbonyl activation by hydrogen bonding than Ha and Hc. In this case, the energy difference is 
significantly increased to 4.4 and 7.7 kcal/mol. In the late case the 2-aminopyrimidine unit forms only one 
hydrogen bond [77].
For the intramolecular aldol Hajos–Parrish–Eder–Sauer–Weichert (HPESW) reaction, the Wieland–
Mischer ketone, a valuable intermediate for steroid synthesis, was prepared using both diastereomeric 
organocatalysts 7 under solvent-free conditions (Scheme 12) [77]. The enantioselectivity was slightly better 
with 7a (89 %) than with 7b (86 %) and shorter reaction time was observed (10 h towards 20 h). In this case, 
7a was recovered in 79 % yield after extractive work-up. Another examples of this HPESW reaction by using 
organocatalyst 7a are shown in Scheme 12.
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Scheme 10: Intermolecular direct aldol reaction organocatalyzed by 7a and 7b.
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Scheme 11: Intermolecular aldol reaction with organocatalyst 7b.
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The primary amine-2-aminopyrimidine organocatalysts 8, prepared according to the procedure described 
in Scheme 9 in 65 % yield, were assayed in the conjugate addition of aldehydes to maleimides. For the optimi-
zation of the reaction conditions the addition of isobutyraldehyde to N-phenylmaleimide was chosen as the 
benchmark reaction. It was found that aqueous DMF at 0 °C gave the corresponding enantiomeric adducts 
in 83 % yield and 88 % ee by using the (R,R)-8 or the (S,S)-8 (10 mol %) and HDA (10 mol %) as a co-catalyst. 
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Fig. 13: Transition states for the aldol reaction of cyclohexanone with 4-nitrobenzaldehyde organocatalyzed by 7a and 7b.
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Scheme 12: Intramolecular aldol reactions with organocatalysts 7.
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The scope of the reaction was studied with different aldehydes and maleimides affording the resulting suc-
cinimides in 70–92 % yield and 78–93 % ee (Scheme 13) [78]. These results were better than those results with 
(S,S)-5a (Scheme 5).
For the DFT calculations, the structures were initially optimized by using density functional theory (DFT) 
with the B3LYP [80–82] as implemented in Gaussian 09, combined with the 6-31G∗∗ basis set. Further re-
optimization at M06-2X/6-311++G∗∗ level of theory [83] were carried out, including polarization functions for a 
better description of the hydrogen bond activations. It was found that no internal hydrogen bonds are taking 
place in this conjugate addition due to the use of aqueous solvents. Furthermore, a number of transition 
states lacking any internal H-bond were located, and the two lowest in energy among them, are shown in Fig. 
4. Both structures lead to the formation of the R-enantiomer. Their charge separation (developing negative 
charge in the carbonyl oxygen and positive in the enamine-nitrogen) is very high, inducing a polar structure, 
that would be better stabilized in polar solvents. The energy differences between gas phase and water, ca. 
2 kcal/mol, are significant and could justify an increase reactivity of around two orders of magnitude. Also, 
the two values for TS-R1 are lower than the corresponding values for TS-R2, indicating that the former is oper-
ative in the mechanism leading to the R-enantiomer. Thus, in this case the 2-aminopyrimidine unit shows 
only steric hindrance in the transition state (Fig. 14) [78].
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Scheme 13: Conjugate addition of aldehydes to maleimides organocatalyzed by the primary amine-2-aminopyrimidine (S,S)-8.
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Conclusions
The 2-aminobenzimidazole unit has shown excellent dual hydrogen bonding capability as a Brønsted base. 
In the case of enantio-catalyzed conjugate additions or SN1 reactions, the 1,3-dicarbonyl compound is depro-
tonated by this 2-aminobenzimidazole fragment. With respect to the electrophile, for the conjugate addition 
to nitroalkenes, the protonated dimethylamino unit forms a hydrogen bond with the nitro group, in the case 
of maleimides a hydrogen bond is formed with the protonated 2-aminobenzimidazole unit. For the SN1 reac-
tion the protonated 2-aminobenzimidazole unit could form the corresponding benzylic carbocation acting 
as a Brønsted acid. According to the calculations the conjugate addition of aldehydes to nitroalkenes and 
maleimides takes place by enamine formation and double hydrogen bonding with the Michael acceptor by 
the 2-aminobenzimidazole unit. However, in the case of the aldol reaction organocatalyzed by 2-aminopy-
rimidine prolinamides the activation of the aldehyde acceptor occurs by formation of one hydrogen bond 
from the protonated prymidine and the other from the prolinamide. However, the 2-aminopyrimidine unit 
in the enantio-catalyzed conjugate addition of aldehydes to maleimides, no hydrogen bonds were observed 
acting as a face blocking group in the TS. The presence of the chiral trans-cyclohexane-1,2-diamine scaffold 
controls the enantioselectivity of all the described processes.
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